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A critical feature of highly pathogenic avian inﬂuenza viruses (H5N1 and H7N7) is the efﬁcient intracellular
cleavage of the hemagglutinin (HA) protein. H7N7 viruses also exist in equine species, and a unique feature of
the equine H7N7 HA is the presence of an eleven amino acid insertion directly N-terminal to a tetrabasic
cleavage site. Here, we show that three histidine residues within the unique insertion of the equine H7N7 HA
are essential for intracellular cleavage. An asparagine residue within the insertion-derived glycosylation site
was also found to be essential for intracellular cleavage. The presence of the histidine residues also appear to
be involved in triggering fusion, since mutation of the histidine residues resulted in a destabilizing effect.
Importantly, the addition of a tetrabasic site and the eleven amino acid insertion conferred efﬁcient
intracellular cleavage to the HA of an H7N3 low pathogenicity avian inﬂuenza virus. Our studies show that
acquisition of the eleven amino acid insertion offers an alternative mechanism for intracellular cleavage of
inﬂuenza HA.
& 2012 Elsevier Inc. All rights reserved.Introduction
Inﬂuenza virus is a member of the Orthomyxoviridae family and
is classiﬁed into A, B, and C types (Knipe et al., 2007). Inﬂuenza A
virus is subtyped by the distinct antigenicity of the hemagglutinin
(HA) and neuraminidase (NA) surface proteins, resulting in 17 HA
and 9 NA subtypes (Watanabe et al., 2012). The viral HA is further
classiﬁed into two distinct structural groups, 1 and 2 (Air, 1981,
Russell et al., 2004). All inﬂuenza A subtypes are thought to have
originated from waterfowl, with some subtypes being transmitted
to mammals such as horses, pigs, and humans (Horimoto and
Kawaoka, 2005). In horses, the H3N8 and H7N7 inﬂuenza subtypes
have been found to circulate widely. Currently it is the H3N8 virus
that circulates in horses and is also associated with an epizootic and
subsequent establishment of inﬂuenza H3N8 in dogs (Hayward
et al., 2010). Inﬂuenza virus is highly contagious in horses, with
infection generally limited to the respiratory tract and associated
with fever, cough, and depression (Murcia et al., 2011, Timoney,
1996). The ﬁrst report of H7N7 equine inﬂuenza occurred in 1956
(Sovinova and Tumova, 1958), and this virus circulated globally
until the mid-1970 s. H7N7 is generally considered to no longer bell rights reserved.
nt of Microbiology and
rnell University, Ithaca NY
r).present in the equine population, with the last viral isolate reported
in 1980 (Daly et al., 1996). However, serology of the equine
population suggests that the virus may still in fact be in circulation
(Appleton and Gagliardo, 1992, Olusa et al., 2010).
H7 inﬂuenza viruses have historically been associated with many
outbreaks of HPAI or ‘‘fowl plague’’ (Kaleta and Ru¨lke, 2008). More
recently, they have caused limited outbreaks in humans, where one of
which resulted in a lethal infection (Bos et al., 2010). The equine
H7N7 is considered to have arisen as a direct transmission event from
birds (Baigent and McCauley, 2003). Interestingly, the equine H7N7
was found to be both highly pathogenic and neurovirulent in mice
without adaptation (Kawaoka, 1991, Shinya et al., 2005, Shinya et al.,
2007). Equine H7N7 viruses have other distinct properties, including
that unlike HPAI, H7N7 it does not require coexpression of a
functional M2 protein to maintain HA in its native conformation
(Takeuchi et al., 1994).
The inﬂuenza HA is synthesized as a fusion inactive precursor
(HA0) that must be cleaved into two functional subunits (HA1 and
HA2) by host proteases, in order to gain the ability to fuse with
the host endosome (Garten et al., 1981, Steinhauer, 1999,
Taubenberger,1998). Cleavage of HA containing a monobasic
cleavage site is most likely driven by extracellular or membrane-
bound trypsin-like proteases, with the type II transmembrane
serine protease (TMPRSS) family being the most recent examples
(Bo¨ttcher et al., 2006, Bertram et al., 2010a, Chaipan et al, 2009,
Hamilton et al., 2012). The HA cleavage sites of the low patho-
genicity and highly pathogenic viruses are in general quite distinct,
Fig. 1. Multiple sequence alignment of the cleavage site region of HA from the H5 and H7 subtypes. Comparison of the consensus cleavage site region of the HPAI H5N1,
HPAI H7N7 HA and LPAI H7N3 with the equine H7N7 HA sequence. Cleavage occurs at the C-terminal end of the Arg (R) bonded to the Gly (G) residue, which is the ﬁrst
amino acid of the fusion peptide. Representative sequences from the NCBI inﬂuenza resource (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html) were aligned with
Clustal W. The A/chicken/Vietnam/2003 (H5N1) (accession # ABE97598), A/fowl/Weybridge/1934 (H7N7) (accession # AAA56803), A/Netherlands/2003 (H7N7) (accession
# AAR02640), A/turkey/Italy/2002 (H7N3) (accession # AEK65956), and A/equine/Cornell/1974 (H7N7) (accession # ABY83099) were used as representative sequences.
Table 1
Mutants of the inﬂuenza A/equine/Cornell/1974 (H7N7) HA generated in
this study.
H7 HA form Sequence
EqHA wt PENSTHKQLTHHMRKKRGLFG
EqHA H338A PENSTAKQLTHHMRKKRGLFG
EqHA H343A/H344A PENSTHKQLTAAMRKKRGLFG
EqHA H338A/H343A/H344A PENSTAKQLTAAMRKKRGLFG
EqHA NST–AST PEASTHKQLTHHMRKKRGLFG
EqHA NST–APA PEAPAHKQLTHHMRKKRGLFG
EqHA D335–345 PE—————————RKKRGLFG
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cleavage site and highly pathogenic viruses containing a multibasic
cleavage site. This difference in the cleavage site likely dictates
which host proteases are able to cleave HA, and the cellular location
where cleavage occurs. Cleavage of HA containing a monobasic
cleavage site occurs extracellularly, most likely by trypsin-like
proteases. In contrast, cleavage of HA containing a multibasic
cleavage site occurs intracellularly by subtilisin-like proteases such
as furin, which minimally recognizes a R–X–K/R–R motif (Bertram
et al., 2010b, Zhang et al., 2003). This is best documented for the
avian H5N1 and H7N7 viruses (HPAIs), which are associated with a
high mortality rate in poultry, compared to LPAIs (Kaleta and Ru¨lke,
2008). A large polybasic stretch of 6–7 residues is typically found in
the cleavage site of most avian H5 and H7 HPAI subtypes (Fig. 1)
(Senne et al., 1996). However, only four basic residues are found in
the equine H7N7 HA cleavage site. This is intriguing, since intracel-
lular cleavage was observed for the equine H7 HA (Gibson et al.,
1992), (Takeuchi et al., 1994), but in contrast, was not observed by
mutational analysis of other HA subtypes when the cleavage site
contained only four basic residues (Gohrbandt et al., 2011, Walker
and Kawaoka, 1993). A unique feature of the equine H7 HA cleavage
site is the presence of an eleven amino acid insertion (consensus
sequence¼NSTHKQLTHHM) directly N-terminal to the tetrabasic
cleavage site (RKKR) (Fig. 1). This insertion appears to have occurred
coincident with the transmission of an avian H7N7 to horses
(Gibson et al., 1992). It remains unclear whether there is a functional
role of this unique eleven amino acid insertion, but it may play a role
in HA stability or cleavage due to the presence of three ionizable
histidine residues and the addition of a predicted glycosylation site
within the insertion.
In the present study, we have investigated the functional role
of the eleven amino acid insertion of the equine H7 HA. Speciﬁ-
cally, the focus of this study was to investigate both the role of the
three histidine residues and the additional glycosylation site for
the A/equine/Cornell/16/1974 strain of equine H7N7 inﬂuenza
virus, which contains the consensus insert at the cleavage site
position (NSTHKQLTHHMRKKR).Results
The eleven amino acid insertion of the H7 HA insertion is essential
for intracellular cleavage
As equine H7N7 viruses contain a unique eleven amino acid
insertion adjacent to a minimal furin cleavage site, we ﬁrst
investigated the role of the unique insertion for HA cleavage.
Speciﬁcally, we focused on the role of the three histidine residues
and the additional glycosylation site, and generated the HAmutants
summarized in Table 1. Both wild type and mutant HAs were
analyzed for efﬁcient cell surface expression (Supplementary Fig. 1).
All mutants HAs showed 465% cell expression compared to wild
type, with the exception of the H338A mutation.
To determine whether the histidine residues of the H7 HA
insertion are involved in intracellular cleavage, the wild type HA,individual and sequential mutations of the histidine residues, and
the insert deletion mutant of the H7 HA were expressed in
mammalian cells and assessed for intracellular cleavage by western
blot analysis (Table 1). Efﬁcient intracellular cleavage was observed
for the wild type protein, with some reduction in cleavage for the
HA containing a single histidine substitution (EQHAH338A) (Fig. 2A).
However, intracellular cleavage was greatly reduced for mutants
containing double and triple histidine substitutions (EQHAH343A/
H344A and EQHAH338A/H343A/H344A), as well as with the eleven amino
acid insert removed (EQHAD335–345) when compared to the wild
type HA (Fig. 2A and B). The loss of cleavage was unlikely to be due
to inefﬁcient intracellular trafﬁcking or cell expression, as mutants
containing double and triple histidine substitutions, as well with
the insert removed, showed efﬁcient cell surface expression (see
Supplementary Fig. 1). Overall, we show that sequential mutations
of the histidine residues resulted in sequential loss of intracellular
cleavage for equine H7N7 HA.
Since the eleven amino acid insertion of the A/Cornell/74(H7N7)
HA includes a potential glycosylation site, and N-linked glycosy-
lation near the cleavage site has been found to affect the cleavage
efﬁciency of HA by proteases (Webster and Rott, 1987), the
insertion glycosylation site was investigated to determine any
effects to the cleavage of the H7 HA. Typically, the N-linked
glycan resides near the cleavage site in the tertiary structure, but
is distant in the primary structure. However, this is in contrast to
the equine H7, where the N-linked glycan is adjacent to the
cleavage site in the primary structure, and so may cause differing
effects. Wild type H7N7 HA and well as the EQHANST–AST, and
EQHANST–APA mutants were expressed in mammalian cells and
ﬁrst assessed for cell surface expression (Supplementary Fig. 1).
The APA mutant (EQHANST–APA) was included as a subset of
natural isolates of equine H7N7 (including the prototype virus
A/equine/Prague/1956) that contain an APA sequence in place of
NST. Cell surface expression of EQHANST–APA was relatively poor
(approximately 25% of wild type HA), yet efﬁcient intracellular
cleavage was observed for the NST-APA mutant, by Western blot
analysis, and was comparable to cleavage of wild type HA
(Fig. 3A). However, near complete loss of both cell surface
expression and intracellular cleavage was observed for the
EQHANST–AST mutant HA. Furthermore, the EQHANST–AST mutant
was insensitive to trypsin treatment, revealing inaccessibility of
the cleavage site (Fig. 3A).
Fig. 2. The three histidine residues of the insertion are essential for intracellular cleavage of the equine H7 HA. (A) Western blot analysis of the intracellular cleavage
of EQHAwt (lane 1), EQHAH338A (lane 2), EQHAH343A/H344A (EQHAHH-AA) (lane 3), EQHAH338A/H343A/H344A (EQHAHHHAAA) (lane 4), and EQHAD335–345 (lane 5) HA.
(B) Quantiﬁcation of the cleavage of each H7 HA form.
Fig. 3. The asparagine residue of the insertion is essential for intracellular cleavage of the H7N7 HA. (A) Western blot analysis of the intracellular cleavage of EQHAwt,
EQHANST-AST, EQHANST-APA HA. (B) Western blot analysis of EQHAwt HA in the presence or absence of PNGase F. Glycosylated HA is indicated by (G) and deglycosylated HA
is indicated by (DG).
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forms of the HA1 subunit (Fig. 3A and B). However, cleavage of
EQHANST–APA HA produced only a single HA1 band, which is typical
amongst the HA subtypes (Fig. 3A). We therefore reasoned that the
two HA1 forms observed for EQHAwt are due to incomplete
glycosylation of the site found within the insertion, since mutation
of the H7 HA from NST to APA eliminates the potential glycosylation
site. The glycosidase, PNGase F cleaves N-linked glycans from
proteins and so was incubated with EQHAwt and resulted in a
collapse of the doublet HA1 band to a single product (Fig. 3B).
Formation of the single HA1 product by PNGase F revealed incom-
plete glycosylation of the insertion site, where only 50% is found
glycosylated.
The three histidine residues found in the H7 HA insertion affect
the pH of fusion
Histidine residues often play important roles in regulating the
activity of viral fusion proteins, being located in the vicinity of
positively charged residues in the pre-fusion conformation, and
subsequently forming salt bridges with negatively charged resi-
dues at low pH, in the post-fusion conformation (Chen et al.,
1998, Stevens et al., 2004). For the inﬂuenza H5 virus, previous
reports have demonstrated that histidine residues of the HA1 and
HA2 subunits that are distal to the fusion peptide play a critical
role in fusion. These histidine residues interact with a tryptophanresidue found in the fusion peptide, and are thought to have a
destabilizing effect once the pH has lowered to the point where
the histidines become positively charged (Chen et al., 1998,
Stevens et al., 2004). Interestingly, amino acid substitution of
histidines that appear to be involved in triggering fusion resulted
in both a stabilizing and destabilizing effect depending on which
amino acid the histidine was substituted with, further demon-
strating the importance of these residues in fusion (Daniels et al,
1985, Thoennes et al., 2008). Because of the known importance of
histidines in regulating fusion activity, we examined the effects of
the histidine residues within the unique H7 cleavage site inser-
tion on the pH of fusion for A/equine/Cornell/16/1974 HA, by
expressing HA and monitoring cell–cell fusion over a pH range.
We examined wild type H7 HA, as well as mutant forms where
the histidines were substituted with alanines. Fusion of the wild
type or mutant equine H7 did not induce cell–cell fusion over the
pH range of 5.4–5.8 for any of the H7 HA forms (data not shown)
Therefore, we examined fusion of the wild type H7 HA, along with
individual and sequential mutations of the histidine residues, and
an insert deletion mutant of the H7 HA at a lower pH range of
4.8–5.2, under physiological salt conditions (Fig. 4).
For the wild type H7 HA, we observed only a low level of
syncytia at either pH 5.2 or pH 5.0. At pH 4.8 however, a marked
increase in fusion efﬁciency was observed, as determined by
visualization of syncytia formation (Fig. 4). As for the histidine
mutants, efﬁcient fusion was observed in each case over the
Fig. 4. The nine amino acid insertion of the equine H7 HA affects the pH of fusion. Immunoﬂuorescence staining of EQHAwt, EQHAH338A, EQHAH343A/H344A (EQHAHH-AA), and
EQHAH338A/H343A/H344A (EQHAHHHAAA) HA over a pH range of 4.8–5.2 in three different salt buffers. The cell surface HA was stained with Alexa ﬂuor 488 (green) and the
nucleus is stained with DAPI (blue).
Table 2
Mutants of the inﬂuenza A/Turkey/Italy/2002
(H7N3) HA generated in this study.
H7 HA form Sequence
H7N3 wt PE————————————RGLFG
H7N3 MF PE—————————RKKRGLFG
H7N3 MFþ I PENSTHKQLTHHMRKKRGLFG
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the A/equine/Cornell/74 NA was co-expressed with the wild type
HA to determine any effects on fusion, since previous reports
demonstrated that fusion was enhanced in the presence of NA
(Reed et al., 2010, Su et al., 2009). The fusion pH appeared to be
unaffected by NA co-expression when compared to the fusion
proﬁle of HA alone over the pH range of 4.8–5.2 (data not shown).
Thus, the histidine residues of the eleven amino acid insertion
appear to be involved in triggering fusion, since a destabilizing
effect was observed by substituting histidine with alanine.
We also examined fusion in a low salt buffer, since fusion can
be affected by buffer conditions (Korte et al., 2007). In all cases, no
fusion was observed in the low salt buffer at any pH tested
(Fig. 4). However, fusion was recovered for each of the HA forms
by the addition of calcium at each pH examined (Fig. 4).
Addition of the eleven amino acid insertion confers intracellular
cleavage of a LPAI H7N3 HA
To determine whether the addition of both the polybasic site
and insertion would promote intracellular cleavage of HA from a
low pathogenicity inﬂuenza virus, the monobasic cleavage site of
the avian H7N3 HA (A/turkey/Italy/2002) was replaced with a
tetrabasic cleavage site, as well as a tetrabasic cleavage site
followed by the addition of the eleven amino acid equine H7N7
insertion. Mutations are summarized in Table 2. Both mutant HAs
showed efﬁcient cell surface expression (approximately 80% of
wild type; see Supplementary Fig. 1).
The H7N3wt HA was completely trypsin dependent, where no
intracellular cleavage was observed (Fig. 5A). In the case ofH7N3MF HA, only slight cleavage was observed by replacement
of the monobasic cleavage site with a tetrabasic site (Fig. 5A).
However, in the case of H7N3MFþ I HA, replacement of the
monobasic cleavage site with a tetrabasic site coupled with the
addition of the insertion resulted in efﬁcient intracellular clea-
vage (Fig. 5A). A similar effect was observed in the cell–cell fusion
assay, where a high degree of syncytia formation was only
observed for H7N3MFþ I in the absence of exogenous proteases,
and furthermore, demonstrated that cleavage produces a fuso-
genic HA (Fig. 5B). These results would suggest that intracellular
cleavage caused by the insertion is not unique to the equine H7
HA, where efﬁcient intracellular cleavage of other HA molecules
can be achieved by acquiring the insertion.Discussion
HA cleavage activation is a critical step in the inﬂuenza
replication cycle that is driven by host cell proteases. While
mutations in several viral genes (e.g. polymerase), as well at the
host response, affect viral pathogenicity, a localized infection is
Fig. 5. Addition of a tetrabasic site and the nine amino acid insertion confers intracellular cleavage of the LPAI, H7N3 HA. (A) Western blot analysis of the cleavage of
H7N3wt, H7N3MF, and H7N3MFþ I HA. (B) Immunoﬂuorescence staining of each form examined in (A). The surface HA was stained with Alexa ﬂuor 488 (green) and the
nuclei were stained with DAPI (blue). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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a monobasic site, since cleavage activation occurs only in a
limited number of organs (Bo¨ttcher et al., 2009). However,
infection by subtypes containing a polybasic cleavage site are
not limited to particular organs due to the ubiquitous nature of
the enzyme involved in cleavage, and therefore, have the poten-
tial to be highly pathogenic (Peiris et al., 2007). Acquisition of a
polybasic site is essential for high pathogenicity in poultry.
Furthermore, a high occurrence of avian viruses that have directly
transmitted to humans and are associated with a high mortality
rate contain the polybasic cleavage site (Klenk et al., 2011).
Considering the HPAI H7N7 and H5N1 outbreaks (Chan, 2002,
Koopmans et al., 2004), it is of the utmost importance to have a
complete understanding of the molecular determinants required
for efﬁcient intracellular cleavage. Of note, recent cases of H7
inﬂuenza in Mexico (i.e. A/chicken/Jalisco/CPA1/2012 (H7N3))
contain a cleavage site with a relatively low potential to be
cleaved by furin, but have a peptide insert in the cleavage site
that contains a histidine residue (PENPKDRKSRRHRRTR-GLFG;
GenBank accession #AFN85519). We consider that equine H7N7
inﬂuenza can serve as a model to help determine the factors
involved in generation of a highly pathogenic inﬂuenza virus in
mammals, since it has already established itself in the mammalian
population and contains at least one of the requirements of a highly
pathogenic inﬂuenza virus, i.e. being cleaved intracellularly.
The histidine residues located in the unique, eleven amino
insertion of the equine H7N7 HA were investigated to determine if
there is a functional role in the pH of fusion, since previous results
have demonstrated that histidine residues affect HA fusion. When
fusion was examined in a physiological salt buffer, the pH of fusion
was decreased when compared to that of a typical HA fusion pH
range. However, with even a single His mutation, the pH of fusion
increased that resembled the HA fusion proﬁle more typical for
inﬂuenza HA, e.g. H3N2. Interestingly, no fusion was observed for
each of the H7 HA forms examined in a low salt buffer. This result is
intriguing since Korte et al. demonstrated that fusion by the H3N2 HA
appeared to be enhanced in a low salt buffer, when compared to a
physiological salt buffer (Korte et al., 2007). Another interesting
observation is that fusion in a low salt buffer was recovered upon
the addition of calcium for all HA forms. Previous reports have
demonstrated that calcium is involved in membrane fusion, and
appears to affect fusion of the H7 HA (Friedrich et al., 2008) (Collins
et al., 2012). Considering the previous analysis of the His residues role
in fusion (Chen et al., 1998, Stevens et al., 2004), a plausible
explanation for this observation is that the three His residues do infact form a tight interaction with the fusion peptide, and the pKa of
these histidine is decreased by their local environment when com-
pared to histidine pockets from other HA subtypes. This scenario will
require additional experimentation and would be aided by a crystal
structure for equine H7, which is currently lacking. Additionally, both
the degree of HA cleavage and the pH at which fusion occurs appear
to affect the pathogenicity of the virus (DuBois et al., 2011, Horimoto
and Kawaoka, 1997, Reed et al., 2010). Therefore, one other unre-
solved question is whether this lowered pH of fusion has any impact
to the virulence of the virus, albeit a positive or negative effect.
The three histidine residues of the insertion were also examined
to determine if they play a role in intracellular cleavage. Sequential
mutations of the histidine residues resulted in a sequential loss of
intracellular cleavage, where these histidines appear to play an
essential role in cleavage. This result in combination with low pH of
fusion gives the appearance that the histidine residues have a dual
purpose to the activation of HA fusion. However, it is possible that
the histidine residues are optimal for either cleavage or fusion and
coincidentally have an effect on the other process. We reasoned
that the most plausible explanation to the effect on cleavage is that
histidine residues interact with the fusion peptide in both the pre-
cleavage and post-cleavage states, and by doing so alter the
conformation of the cleavage site region, allowing for accessibility
by subtilisin-like proteases. Ultimately, obtaining a crystal structure
would shed light on the role of the histidines in both fusion and
cleavage, and determine if all of the histidine residues are present
post-cleavage and not removed by a carboxypeptidase known to
trim back the new C-terminus of HA1 (Garten and Klenk, 1983).
Determining the structure of the equine, H7 HA will be a future aim
of the research.
The glycosylation site asparagine located in the insertion was
also found to be essential for intracellular cleavage, and further-
more, was completely insensitive to trypsin treatment when
mutated. Intracellular cleavage of the equine HA does not appear,
however, to be solely dependent on the presence of a N-linked
glycan, since both the glycosylated and non-glycosylated forms of
the insertion glycosylation site were efﬁciently cleaved. Further-
more, in place of the NST sequence, isolates of this virus were
found to contain either an APA or NSI sequence, which deviates
from the glycosylation site consensus sequence (N–X–S/T). One
possibility is that the glycosylation increases cleavage site acces-
siblity by altering the local conformation, and when absent, the
asparagine residue causes this same change in local conformation
by hydrogen bonding with neighboring residues, causing a
structural turn. In the case of A/equine/Prague/1956, it is possible
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(Branden and Tooze, 1999) results in the APA sequence conferring
a similar structural turn adjacent to the cleavage site. It is also
possible that mutation of the asparagine residue affects the
proper folding of HA in the endoplasmic reticulum (ER), resulting
in insensitivity to proteolytic cleavage. We consider that the
additional glycan in A/equine/Cornell/1974 (as compared to
A/equine/Prague/1956) arose as the result of altered antigenicity
as the virus evolved in horses.
Both a tetrabasic site and the eleven amino acid insertion were
added to the LPAI, H7N3 HA to determine if intracellular cleavage
can be gained, or that the insertion-dependent, intracellular
cleavage is unique to the equine H7 HA. Efﬁcient intracellular
cleavage of the LPAI, H7N3 HA was only observed by the addition of
a tetrabasic site and insertion, demonstrating that the insertion-
dependent, intracellular cleavage is not limited to the equine HA.
Khatchikian et al. demonstrated that extensive passages of a
LPAI H7N3 in the absence of trypsin resulted in acquisition of an
18-residue insertion at the cleavage site by recombination with
ribosomal RNA (Khatchikian et al., 1989). Other events, such as
recombination with the nucleoprotein (NP) or matrix (M) proteins,
or polymerase slippage have occurred that resulted in the addition
of amino acids adjacent to the HA cleavage site (Pasick et al., 2005,
Perdue, 2001) (Garcı´a et al., 1996). The equine H7 naturally
acquired an insertion, most likely by recombination, and appears
to have done so in horses. However, the origin of the recombinant
insert remains a mystery. Previous analysis of either sense of the
nucleotide sequence in the nucleotide databases failed to identify
signiﬁcant homology (Gibson et al., 1992), and re-analysis by our
laboratory has conﬁrmed a lack of homology with currently
available database sequences. Therefore, it is possible that emer-
gence of a HPAI, at least in part, can occur by novel insertions in the
cleavage site and should be considered in surveillance studies.
To conclude, uncertainty still remains in the underlying factors
that contribute to the conversion of a LPAI to a highly pathogenic
strain. One factor that is well understood is that acquisition of a
polybasic cleavage site in the HA molecule is essential for conver-
sion to a HPAI. Additional factors inﬂuencing HA cleavage activation
are: (1) distal glycosylation sites that inﬂuence protease accessi-
bility to the cleavage site, and (2) distal histidine residues that
modulate conformational changes post-cleavage. The number of
basic residues found within the polybasic site also affects the
efﬁciency of intracellular cleavage, where a tetrabasic site offers
only limited cleavage. We show here that acquisition of a single
unique insertion by the equine H7 HA, containing a glycosylation
site and three histidine residues, has allowed for efﬁcient intracel-
lular cleavage activation despite having only a tetrabasic cleavage
site. While not necessarily impacting the tropism or pathogenesis of
equine H7N7 in its natural host, the results described here
represent a new alternative mechanism by which an H7N7 inﬂu-
enza virus can acquire efﬁcient intracellular cleavage by including a
distinct regulatory module adjacent to the cleavage site, and thus
increase its potential to become highly pathogenic.Materials and methods
Strains and culture media
Vero cells (American Type Culture Collection) were maintained
in Dulbecco modiﬁed Eagle medium (DMEM) (Cellgro) supple-
mented with 10% fetal bovine serum (Gibco), 100 units/mL
penicillin (Cellgro), and 10 units/mL streptomycin (Cellgro).
Plasmids encoding the A/equine/Cornell/1974 (H7N7) HA and
A/turkey/Italy/2002 (H7N3) HA were synthesized by GeneArtand subcloned into a pEF4 plasmid. Trypsin (TPCK-treated) from
bovine pancreas was obtained from Pierce.
Mutagenesis
The gene encoding for both the A/equine/Cornell/1974 (H7N7) HA
and A/turkey/Italy/2002 (H7N3) HA were mutated by site-directed
mutagenesis. Successful mutation of the desired residues and the
absence of undesired mutations were assessed by sequencing the
entire gene of each HA.
Cell–cell fusion assay
Vero cells were grown in 24 well plates containing a glass cover
slip. The cells were then transfected with 0.8 mg of A/equine/Cornell/
1974 HA, mutants thereof, A/turkey/Italy HA, mutants thereof, and
the A/Aichi/68 HA-expressing plasmids using Lipofectamine 2000
and incubated for 12 h at 37 1C. Cells were also transfected with
0.4 mg of A/equine/Cornell/1974 HA and 0.4 mg of A/equine/Cornell/
1974 NA using Lipofectamine 2000 and incubated for 12 h at 37 1C
for co-expression of inﬂuenza surface proteins. The cells were then
washed with phosphate buffered saline (PBS) and treated with
6 mg/mL of trypsin for 10 min at 37 1C. The cells were then washed
with PBS and incubated in a low salt, calcium buffer (50 mM MES,
10 mM CaCl2), low salt buffer (10 mM K2PO4), and physiological salt
buffer (5 mM HEPES, 5 mM MES, 5 mM succinate, 150, mM NaCl) in
0.2 unit increments of a pH range of 4.8–5.8 for 3 min at 37 1C. The
cells were then washed with PBS and incubated for 1 h in DMEM at
37 1C. Cell–cell fusion was then analyzed by immunoﬂuorescence
staining using anti-A/equine/Prague/56 (H7N7) HA antibody (NIAID
Biodefense & Emerging Infections Research Resource Repository)
along with Alexa Fluor 488 anti-goat antibody (Invitrogen). The
nuclei were stained with Hoechst 33258 (Invitrogen). The percent
syncytia formation was determined by dividing the total number of
transfected cells involved in syncytia formation by the total number
of cells in a speciﬁed region.
Analysis of HA cleavage
Vero cells were grown in 12 well plates and transfected with
1 mg of HA-expressing plasmids using Lipofectamine 2000 and
incubated for 12 h at 37 1C. The cells were then washed with PBS
and incubated with 9 mg/mL of trypsin (when indicated) for
10 min at 37 1C. The cells were processed by cell surface biotiny-
lation as described in Sun et al. (Sun et al., 2010). Brieﬂy, the free
lysines of cell surface proteins were biotinylated using NHS-biotin
(Pierce) and isolated by overnight incubation with streptavidin
agarose resin (Pierce). The streptavidin resin containing the cell
surface proteins was heated in protein-loading dye at 95 1C for
5 min, and the resin was removed by centrifugation. HA cleavage
was than analyzed by western blot using the antibodies described
above coupled with an anti-goat HRP antibody (Invitrogen). To
determine if the wild type, HA1 cleavage products were a mixture
of glycosylated and non-glycosylated protein, HA was heated for
10 min at 80 1C in buffer A (1% SDS, 50 mM TRIS, pH 7.5) and both
1% NP-40 and 10 U/mL of PNGase F were subsequently added. The
reaction was incubated at 37 1C for 4 h and assessed by western
blot using the antibodies described above. The percent HA cleavage
and cell surface expression was determined by densitometry.Acknowledgments
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